The current shock classification scheme of meteorites assigns shock levels of S1 (unshocked) to S6 (very strongly shocked) using shock effects in rock forming minerals such as olivine and plagioclase. The S6 stage (55-90 GPa; 850-1750 °C) relies solely on localized effects in or near melt zones, the recrystallization of olivine or the presence of mafic high pressure phases such as including ringwoodite. However, high whole rock temperatures and the presence of high pressure phases that are unstable at those temperatures and pressures of zero GPa (e.g., ringwoodite), are two criteria that exclude each other.
Introduction
Meteorites represent unique samples from different types of planetary bodies allowing the study of the formation and evolution of planetary bodies, the history of the Solar System (McSween 1999; Wood 2005; Fritz et al. 2014 ) and, to some extent, the pre-solar stars, which produced the elements of which the Solar System is made of (Wasserburg et al. 2006; Ott 2007 and references therein). Meteorites from primitive and differentiated parent bodies are fragments derived by collisions. Most meteorites accessible for scientific analysis experienced hypervelocity collisions that drove shock waves through the rock (Stöffler et al. 1991; Rubin 2015) .
A shock wave in a solid is a compressional wave with an amplitude that exceeds the elastic limit of the material in which it propagates (Doran and Linde 1966) . The resulting shock induced pressure and temperature increase produce characteristic modifications in the minerals constituting the rocks. These effects are collectively called shock metamorphism. To characterize the degree of shock metamorphic overprint in meteorites a variety of different shock classification schemes have been proposed (Heymann 1967; Carter et al. 1968; Van Schmus and Ribbe 1968; Taylor and Heymann 1969; Dodd and Jarosewich 1979; Stöffler et al. 1988 Stöffler et al. , 1991 Scott et al. 1992; Rubin et al. 1997; Schmitt 2000; Sharp and De Carli 2006; Stöffler and Grieve 2007) . Characterizing and quantifying the shock pressure and temperature increase imposed on the meteorite are essential to 1) interpret isotopic measurements related to age dating (Jessberger and Ostertag 1982; Deutsch and Schärer 1994; Fernandes et al. 2009 Fernandes et al. , 2010 , 2) noble gas studies (e.g., Schwenzer et al. 2008) , 3) magnetic signatures in planetary or asteroidal rocks (e.g., Weiss et al. 2000; Mang et al. 2013; Reznik et al. 2016) , 4) the possibility for organic molecules and life to survive such conditions (e.g., Quirico et al. 2009; Meyer et al. 2012) , and 5) to study the collisional history of the planetary system orbiting Sun (e.g., Beck et al. 2005; Fernandes et al. 2013; Rubin 2015) . There is however an ongoing controversy on how to quantify the shock pressure and temperature conditions in the meteorites being studied (Chen et al. 1996; Sharp and DeCarli 2006; Stöffler and Grieve 2007) .
The discrepancy between the Stöffler and Grieve (2007) and the Sharp and De Carli (2006) approaches to determine shock pressures and temperatures in meteorites spawned a discussion about the:  application of dynamic shock versus static high pressure experimental data to quantify the shock pressure and temperature conditions in naturally shocked rocks (Chen et al. 1996; Xie et al. 2006a; Sharp and DeCarli 2006; Kubo et al. 2010)  formation of diaplectic glasses including maskelynite (v. Engelhardt et al. 1967; Stöffler et al. 1986; Langenhorst 1994; Chen and El Goresy 2000; Fritz et al. 2005a; Fritz et al. 2011a; El Goresy et al. 2013)  influence of shock on the radiometric ages of different isotopic chronometers in different mineral phases (Deutsch und Schärer 1994; Fritz et al. 2005b; Bouvier et al. 2005 Bouvier et al. , 2008 Fernandes et al. 2009 Fernandes et al. , 2013 Moser et al. 2013; Bloch and Gangluy 2013; El Goresy et al. 2013) Here the shock classification of meteorites is revisited by recapitulating relevant principles of shock physics, impact cratering and formation of shock effects in rock forming minerals. Moreover the formation and preservation of high pressure phases in, or near, localized zones of shock melt (veins or pockets) in meteorites is reviewed. Based on this the contribution aims to reconcile the different views regarding shock-thermo-barometry of meteorites and clarify problems regarding the current shock classification scheme for chondritic meteorites.
High pressure phase assemblages are now identified in a rapidly increasing number of achondritic meteorites, including igneous meteorites from Mars and the Moon Beck et al. 2005; Fritz and Greshake 2009; Miyahara et al. 2011 Miyahara et al. , 2013 Greshake et al. 2013; Baziotis et al. 2013; Walton 2013; Walton et al. 2014) . Therefore, the following discussion on impact physics and shock metamorphism in meteorites is timely and of relevance for various types of stony meteorites.
Physics of shock metamorphism
A detailed description of shock and impact physics can be found in a variety of publications (Doran and Linde 1966; Melosh 1989; Boslought and Asay 1993; French 1998) .
A brief summary of some basic knowledge regarding the physics of shock metamorphism focuses on the four key aspects relevant to the aims of this contribution:
 shock pressure, temperature, and time constraints in shocked rocks  cooling history which depends on the volume of shock heated material  evolution of the shape of the shock wave with travel time  impact velocities and shock pressures inside the isobaric core Shock metamorphic effects in meteorites are produced by shock waves. These shock waves are generated during the collision between a smaller projectile and a lager target at velocities exceeding a few km/s, a speed that is significantly higher than the speed at which the impacted material can move out of the way (Melosh 1989; Boslought and Asay 1993) . The material is accelerated to a particle velocity slower than the shock front which travels with a faster shock wave velocity ( Figure 1 ). The relation between the shock wave and the particle velocity reflects the compressibility of the geo-material at different shock pressures.
During the passage of the shock front through a rock, the particle velocity, pressure, density, temperature, and internal energy increase almost instantly in the involved rocks. The release wave that follows adiabatically unloads the shock compressed material. The impact event accelerates, deforms, and heats the shocked rocks. To understand the petrographic record of this process it is useful to consider the duration (t) of the dynamically changing pressure (P), and temperature (T) conditions, i.e., P-T-t. An overview of the time intervals in experimentally and naturally shocked rocks are given in Figure 2 and will be used in the following sections.
Shock pressure and temperature
Compared to "normal" crustal metamorphism at pressures of less than a few GPa, the regime of shock metamorphism encompasses much higher pressures of ten to hundreds of GPa that are similar to or even exceed those pressures existing in the Earths' mantle ( Figure 3 ). Shock metamorphism is characterized by relatively low post-shock temperatures of less than 500 °C in non-porous mafic silicate rocks, when shocked below 45 GPa (Figure 3, 4) . Felsic to mafic rocks shocked to pressures of more than 60 GPa are shock heated to higher temperatures of ≥1200 °C, leading to whole rock melting or vaporization upon decompression.
The shock induced temperature increase of the rock to temperatures above its initial state is governed by the pressure-volume work achieved by the shock wave. The calculated postshock temperature increase for different rocks types shocked to a range of pressures is shown in Figure 4 . Steepening of the temperature slope for anorthosite, an igneous rock mainly composed of plagioclase, increases at shock pressures where crystalline plagioclase is transformed into the amorphous maskelynite. Dunite is an igneous rock almost exclusively composed of olivine. Compared to plagioclase the olivine crystal lattice is more resistant to shock; hence, the steepening of the pressure-temperature curve in dunite occurs at higher shock pressures compared to those for anorthosite ( Figure 4 ). The differences in compressibility of plagioclase compared to olivine (and also to pyroxene) between 35 and 70 GPa imply that in this pressure range the shock induced temperature increase depends strongly on the modal abundance of these minerals within the rock. Another factor that affects the compressibility is the porosity of the rock. Because pore space collapse occurs at pressures <1 GPa, very high shock temperatures can be achieved at low shock pressures in porous rocks (Meyer et al. 2011 ).
Cooling times of shocked rocks
Above a given shock pressure, the shock induced modifications will be affected or even completely dominated by thermal effects. The effects of temperature on the petrography of the rock is strongly time dependent. Thus, in addition to the shock induced temperature increase, it is important to consider the cooling times which largely depend on the volume of the shock heated material. Simplified calculations of the cooling time (t) of a cube of material by thermal conduction are t = L 2 /α where L = width of the cube in meters, and α = thermal diffusivity which in the case of olivine is ~10 −6 m 2 /s. Cooling times of few hundred micrometre wide hot melt veins, in a cold to warm host rock, are in the order of milliseconds (Langenhorst and Poirier 2000; Xie et al. 2006b; Fritz and Greshake 2009 ). These short cooling times are of relevance for the formation and preservation of high pressure phases during elevated shock pressure conditions. For comparison, a shock heated, decimetre diameter sized, rock in space would cool within tens of minutes (Fritz et al. 2005a ); a time span apparently sufficient to cause a significant loss of radiogenic 4 He (Schwenzer et al. 2008) , but not sufficient for complete resetting of the 40 Ar-39 Ar chronometer in strongly shocked rocks containing maskelynite (Fernandes et al. 2009 . Longer cooling times are achieved in larger lithological units in the crater basement or in a warm ejecta blanket (Fernandes and Artemieva 2012; Figure 2 ). Elevated temperatures of years to hundreds of years in ten to hundred meter wide lithologies provide favourable conditions for the degassing of shocked rocks with relevance for their noble gas abundances and 40 Ar-39 Ar age determinations (Bogard 1985 (Bogard , 2011 Shuster et al. 2010 ).
Duration of the shock:
The duration of the shock pulse in impact cratering events depends on the size and velocity of the impacting projectile and/or the distance to the nearest "free surface". The free surface is regarded as the interface between the compressed solid material and the atmosphere of the planetary body or the space vacuum. Once the shock front arrives at the surface of the target or the projectile, the high pressure in the rocks cannot be transmitted to the atmosphere or space vacuum. At this free surface, the pressure drops to nearly zero and a pressure release wave is reflected back into the rocks unloading the compressed lithologies ( Figure 5 ). The pressure release wave gradually overtakes the propagating shock front as it moves at the speed of sound through the compressed and accelerated material. The high particle velocity of the shocked materials does not drop to zero during decompression. After pressure release the material continues to move with a reduced particle velocity which drives the excavation flow opening the impact crater.
The duration of the shock for those rocks residing in the base of the target is governed by the size and velocity of the impacting projectile. An example would be the asteroidal meteorites that remained on the parent body after being shocked by an earlier first impact (Chen et al. 1996; Beck et al. 2005; Xie et al. 2007 ) and then ejected from their parent body during a later event. For rocks located at a distance closer to the surface of the target body than the diameter of the projectile, the shock duration is limited by this pre-impact burial depth. For these rocks the distance to the nearest free surface is shorter than the projectile diameter; hence, the shock duration is significantly shorter. Examples for this case are the Martian and lunar meteorites shocked during their impact ejection into space (Melosh 1984; Fritz and Greshake 2009 ).
The duration of the shock imposed on the target rock is often in the order of milliseconds ( Figure 2 ). It may be up to a few seconds for rocks residing at the bottom of a crater in an asteroid during a rare, large, low velocity collision. Notably, the protracted duration of the maximum shock pressure condition is shorter than the time interval of elevated shock pressures.
The dynamic rise and fall of the shock pressure in naturally shocked rocks is described in the following two sections.
The rise of the shock front in polymineralic rocks:
In the ideal case, the shock front presents a sharp discontinuity at which the uncompressed material is directly transferred into a compressed state ( Figure 5a ). However on planetary surfaces with lithologies composed of polymineralic rocks, porosity, and cracks with different shock impedances, the shock front is not an ideal discontinuity, instead it can span over a few meters in width (Melosh 1989; Figure 5b) . This distance of a few meters can be crossed in hundreds of microseconds by a shock wave propagating with a velocity of a few km/s ( Figure 2 ). The almost discontinuous increase (jump) in shock pressure at the shock front in polymineralic rocks, and shock pressure equilibration within microseconds, is discussed by Stöffler et al. (1991) and Xie et al. (2006a) . For example, at the contact of dense olivine with less dense plagioclase, the particle velocity increases and the pressure decreases. Both particle velocity and pressure have to be the same across the interface between the two materials, thus a release wave is reflected back into the olivine. By comparison, at the contact surface between a less dense olivine and a dense chromite the particle velocity decreases, the pressure increases, and a pressure wave is reflected back into the olivine grain.
By a series of reflections of a few km/s fast shock waves the pressure equilibrates to a general maximum shock pressure. On the scale of a cubic meter of rock (the width of the shock front in planetary surfaces), the pressure equilibration between the mineral grains and pore spaces with different shock impedances occurs within hundreds of microseconds ( Figure 2 ). Shock and pressure equilibration between pore spaces and minerals of different densities can lead to localized pressure peaks. Pressure peaks localized across submillimetre wide regions, derived from fast shock waves travelling at several km/s, are short events lasting hundreds of nanoseconds ( Figure 2 ).
The shape of the shock wave
In contrast to the almost instantaneous pressure rise at the shock front, the rear of the shock wave decays in amplitude because the release wave progressively overtakes the shock front ( Figure 5b ). However, the shape of the shock wave is not always characterized by a broad pressure plateau as depicted in Figure 5a -b, but changes with travel time and hence, distance to the point of impact (Figure 6a -e). As the shock wave propagates forward from the point of impact, the duration of the broad shock pressure plateau decreases, but the maximum shock pressure remains high; i.e., is isobaric. The term "isobaric core of an impact cratering event"
(from hereon called isobaric core) describes the spatial distribution of material compressed to approximately equal shock pressure. Further away from the point of impact the maximum shock pressure starts to decline, because the release wave reaches the shock front.
An important aspect, but neglected in most shock metamorphic studies, is that a shock wave with a broad pressure plateau is restricted to the region inside the isobaric core. Outside the isobaric core the shock wave has lost its broad pressure plateau, and the maximum shock pressure declines due to interactions with the release wave. The following two sections explain if a shock metamorphic rock could be from within the isobaric core or if it needs to be from a region outside the isobaric core.
Shock pressures inside the isobaric core:
The shock pressure in the isobaric core of an impact cratering event depends on the impact velocity and the types of geo-materials involved. For a given impact velocity and geomaterial the resulting pressures can be graphically derived in the pressure vs. particle velocity diagram ( Figure 7) . The Hugoniot curve for the target material (solid line) is plotted in the reference frame of the target, i.e., it begins with a pressure and velocity of zero. In this reference frame, the Hugoniot curve for the projectile (dotted lines) is plotted in reverse, i.e., it starts at high impact velocity and zero pressure at the moment before the projectile collides with the target (see Melosh 1989) . It is possible to combine Hugoniot data for different types of materials. For simplicity Figure 7 shows the impact of a dunitic projectile onto a dunitic target.
During impact the pressure increases in the involved materials and from the viewpoint of the target the target material is accelerated and the projectile material is decelerated. Across the plane of impact the materials in the target and the projectile must lie on the Hugoniot curve and have the same particle velocity and pressure. Shock pressures of 26, 60, and 95 GPa are produced in the isobaric core of impacts with velocities of 2.1, 4.5, and 6.2 km/s(points 1, 2, and 3 , respectively in Figure 7 ). This means only low velocity impacts (< 4.5 km/s) allow for shock metamorphism of < 60 GPa inside the isobaric core: the place where isobaric conditions can prevail for tens to hundreds of milliseconds. In contrast, high velocity impacts > 4.5 km/s induce high shock pressures of > 60 GPa inside the isobaric core, causing the target lithologies to melt or vaporize upon decompression.
Typical impact velocities onto asteroids, Mars, Moon and Earth
Since pressure conditions in the isobaric core is controlled by the impact velocity, it is now possible to discuss whether shock metamorphosed rocks (here restricted to pressures of < 60 GPa; section 2.6) were exposed to a shock wave with a broad pressure plateau. The minimum impact velocity is governed by the escape velocity of the impacted planetary body (in km/s: Vesta = 0.36; Moon = 2.38; Mars = 5.03; and Earth = 11.2). Excluding secondary cratering and the atmospheric deceleration of small projectiles, the low velocity impacts (< 4.5 km/s) onto the solid surface are restricted to rare cases on asteroids, or the Moon. Notably, the average impact velocity is higher than the escape velocity (in km/s: Earth = 19.4; Moon = 16.1; Mars = 9.6; and asteroids = 5.8; Farinella and Davis, 1992; Ivanov, 2001) . These simplified considerations of impact velocity and shock pressures inside the isobaric core show that neither Martian nor terrestrial shock metamorphosed rocks were exposed to a shock wave with a broad pressure plateau. The main reason being that the shock pressures inside the isobaric core would melt or vaporize the rock upon decompression. The situation is probably different for chondrites shocked during a rare low velocity (< 4.5 km/s) impact and, hence, low pressure conditions inside the isobaric core, i.e., low enough shock pressures so that the rocks can remain unmelted upon decompression.
Generation of shock metamorphic effects
Impact conditions such as size and velocity of the impacting bolide influence the properties of the shock wave. The passage of the shock wave through the rock is recorded by two fundamentally different shock induced modifications. These are the destructive and constructive effects of shock metamorphism reproduced and pressure calibrated by microsecond shock recovery and static pressure experiments, respectively.
Destructive shock metamorphic effects
The destructive shock effects are represented by an increase in disorder of the crystal lattice and material volume due to shock compression and decompression. The pressurevolume-work in a rock achieved by a shock wave of a given intensity is experimentally quantified by measuring the shock wave and particle velocity (see Figure 1 and 8). Such data can be found for various geo-materials in Stöffler (1982) , Trunin et al. (2001) and in the online data base http://teos.ficp.ac.ru/rusbank/. The particle and shock wave velocities at different shock pressures were obtained by measuring the arrival time of the shock wave and the particle velocity at the "free surface" on the back side of the sample (Wackerle 1962) . The measured velocities are restricted to a sample layer with a thickness that translates to a pulse length of the shock wave in the order of tens to hundreds of nanoseconds ( Figure 2 ). The shock wave and particle velocity diagram for the Twin Sister dunite displays three branches labelled A, B, and C in figure 8 . Each branch shows a linear behaviour. Branch A and C would correlate to the situation depicted in Figure 1a and 1b, respectively. In Figure 8 the branch A shows that the increase of the shock pressure leads to a linear increase in shock wave and particle velocity.
Above a certain pressure the linear behaviour observed for these parameters has a shallower slope (branch B), i.e., a higher increase in the particle velocity. This indicates the start of a physical process where the crystal lattice begins to collapses into a denser phase. The mixed phase region (branch B) persists to pressures at which all the material is compressed to a denser phase. In the third branch (C) the slope steepens due to a stronger increase in shock wave velocity.
These changes in the shock wave and particle velocity along the branches A, B, and C indicate changes in the properties of the compressed material. Shock recovery experiments with different geo-materials allow the study of the mineralogical effects at well-defined shock pressures by using various methods including macroscopic and microscopic inspection as well as geochemical and spectroscopic analyses (De Carli and Milton 1965; Müller and Hornemann 1969; Snee and Ahrens 1975; Sears et al. 1984; Stöffler et al. 1991; Schmitt 2000; Xie et al. 2001; Fritz et al. 2011 ). The branch A in the dunite particle and shock wave velocity diagram denser phase is completed, and brown stained olivine is produced. If shock pressures are further increased the material will melt or vaporize. These destructive shock effects are 1) a record of the shock wave and particle velocities imposed by the shock, 2) a measure for the pressurevolume-work of the shock wave in the material, and 3) directly related to the degree of shock heating. These destructive shock effects develop throughout the entire rock and can be used for whole rock shock-thermo-barometry (see section 2.1). Similar shock effects can be reproduced via different types of shock experiments of 1 ns, 10 ns, and 1 µs duration including pressure pulses by laser irradiation, electric discharge and high explosive experiments (e.g., Langenhorst et al. 2002 ; Figure 2 ). Due to their short formation times of less than microseconds, the destructive shock effects record the general maximum shock pressures during shock equilibration (< ms) and the local and short (< µs) pressure spikes.
Constructive shock metamorphic effects
The constructive shock effects are characterized by an increase in lattice order and density of the minerals. The dense high pressure phases such as ringwoodite, majorite (garnet), bridgmanite (silicate perovskite), and many others form at elevated pressures in, or close to, thin shock melt veins/pockets in meteorites (Binns 1969; Chen et al. 1996 Chen et al. , 2003 Tomioka et al. 1997; Langenhorst and Poirier 2000; Xie and Sharp 2007; Miyahara et al. 2008; Fritz and Greshake 2009; Greshake et al. 2013; Tschauner et al. 2014) . In these local "hot spots", the high pressure phases develop through different physical processes including coherent and incoherent solid state transformation processes and crystallization from a melt (Kerschhofer et al. 1996 (Kerschhofer et al. , 2000 Brearley et al. 1992; Liu et al. 1998; Sharp and DeCarli 2006; Fritz and Greshake 2009; Greshake et al. 2013 ). Most of the high pressure phases form by kinetically controlled processes requiring very high temperatures (Xie and Sharp 2007) . This is because the high pressure conditions during natural impacts are lasting only a few milliseconds and rarely a few seconds.
Several high pressure phases provide a maximum temperature value, and by implication, a maximum shock pressure limit for the whole rock. This is because at pressures of zero GPa the following phases start to decompose in less than seconds, i.e., much faster than the ~30 min cooling time for a 0.4 m diameter meteorite in space (Fritz et al. 2005a ; Figure 2 ): 1) bridgmanite (Tschauner et al. 2014) starts to decompose at >130°C (beginning near 130°C and completed at 480°C; Durben and Wolf 1992) , 2) akimotoite at >730°C (Reynard and Rubie 1996), and 3) ringwoodite at >900°C (Ming et al. 1991; Kimura et al. 2003) . In order to preserve these thermally unstable high pressure phases, the host rock has to serve as a heat sink to allow the thin and hot melt vein/pocket to cool by thermal conduction during a time scale similar to the duration of the shock; i.e. millisecond to second duration (Langenhorst and Poirier 2000; Kimura et al. 2004; Fritz and Greshake 2009 ).
For example the preservation of bridgmanite in the Tenham L6 chondrite meteorite (Tschauner et al. 2014 ) implies post shock temperatures of < 130 to 480°C. Such low post shock temperatures appear reasonable for non-porous ultramafic rocks (e.g., L6 chondrites with 10 vol.% felsic components) shocked to moderate (S4; 15-35 GPa) pressures. For example a shock induced temperature to increase of 230°C would raise the temperature of a -100°C cold rock to an absolute temperature of 130°C. After decompression to zero GPa the temperature of the whole rock needs to be lower than the temperature at which high pressure phases become unstable at low pressure. If not these thermally unstable high pressure phases will not be preserved.
Shock thermo-barometry of meteorites
Together with this overview on the generation of the different types of shock metamorphic effects, it is possible to appreciate the advantages and the inconsistencies of the commonly used approaches for shock thermo-barometry of meteorites. Currently two different shock classification schemes for chondritic meteorites are in use (Stöffler et al. 1991; Chen et al. 1996; Sharp and DeCarli 2006) .
Issues related to the current shock classification of meteorites
The current shock classification scheme for ordinary (Stöffler et al. 1991; Stöffler and Grieve 2007) , carbonaceous (Scott et al. 1992 ) and enstatite (Rubin et al. 1997 ) chondrites progressively assigns shock stages from S1 to S6. Reasonably, the shock classification from S1 to S5 mainly relies on the destructive shock metamorphic effects in the rock forming minerals that can be observed by optical microscopy. In contrast the S6 classification explicitly relies on localized effects restricted to regions in, or near, melt zones and not to the shock effects in the whole rock. According to Stöffler et al. (1991) the presence of olivine grains located close to shock melt veins with a characteristic recrystallization texture is the prime criterion for shock stage S6, and ringwoodite may be present. Rubin et al. (1997) further suggested that, in the case of enstatite chondrites, the presence of the high pressure phase marjorite is characteristic for S6 rocks. To date, this type of shock classification scheme has not been applied to achondritic meteorites. However, as high pressure phases are recognized in an ever increasing number of achondritic meteorites (e.g., Lipschutz 1964; El Goresy et al. 2004; Fritz and Greshake 2009; Walton et al. 2014; Miyahara et al. 2016) , it is timely to revisit the current reasoning and praxis of using the shock classification of chondrites and its implications for the shock pressure barometry of stony meteorites in general.
The shock classification of meteorites aims to describe the shock pressure and temperature conditions of the whole rock. As mentioned previously, the diagnostic properties of the S6 classification are explicitly rely on localized phenomena in or near melt zones (Stöffler et al. 1991; Stöffler and Grieve 2007) . This lead to a problematic situation for the following reasons:
1) The main criteria for S6 is the recrystallization of olivine in and around a melt vein/pocket. This spatial restriction implies that the amount of heat required for driving the recrystallization came from within these local "hot-spots". However, the amount of heat or the volumetric dimension of a hot melt zone is not a diagnostic criterion for very high shock pressures in the whole rock. Actually, the presence of melt veins is not even a distinguishing mark for shock, as it could be due to friction only. Thus, the localized recrystallization of olivine cannot be considered a diagnostic criterion to describe the shock pressure and temperature conditions in the whole rock.
2) The mineral ringwoodite displays a blue to green colour in transmitted light (Taran et al. 2009 ), and in many L6 chondrites especially, it can be easily recognized by optical microscopy (Figure 9 ). Presently, it is common practice to use the presence of ringwoodite as a prime criterion for the S6 shock classification. However, the S6 classification combines high temperatures of 850-1750°C with the possible presence of mafic high pressure phases such as rignwoodite. These two criteria exclude each other as several high pressure phases are unstable at that high temperatures and pressures of zero GPa.
Formation of isobaric high pressure phase assemblages
As mentioned in section 4.1, the shock pressures inferred from high pressure phases are significantly lower than those concluded from the S6 shock classification, and slightly to moderately lower than the shock pressures deduced from the shock effects in the main rock forming minerals. The latter observation will be addressed below.
The use of high pressure phases to determine the shock pressures in a rock relies on the assumption that the shock wave had a broad pressure plateau that lasted for milliseconds to seconds (see Hence, it would be expected that a melt vein of appropriate size quenches at isobaric pressures during this time span ( Figure 10 ). Chen et al. 1996 (and) Sharp and DeCarli (2006) therefore concluded that isobaric high pressure phase assemblages in shock melt zones in meteorites can, and should, be used as a shock-barometer for the pressure conditions in the whole rock.
Here it is argued that high pressure phases observed in melt veins/pockets of meteorites record lower pressure, at a later time, than those recorded by the destructive shock effects. A shock wave with a broad pressure plateau is restricted to the region inside the isobaric core (section 2.5). For impacts in the inner Solar System including the asteroid belt with typical impact velocities of > 5.8 km/s (see section 2.6 -2.7) the resulting pressures in the isobaric core would cause the involved lithologies to melt and/or vaporize upon decompression. This means that shock metamorphosed rocks (<60 GPa) from impact events faster than 5 km/s were located outside the isobaric core. Note that a collision speed limit for impact events with an isobaric core of 16-23 GPa, the pressures value for the stability field of ringwoodite, is around 2 km/s.
A comparison of impact conditions and shock metamorphism in meteorites from different parent bodies
To illustrate the conclusion, three specific cases will be briefly compared: (1) For Martian meteorites the minimum impact velocity onto Mars (5.3 km/s) is too high to allow for shock metamorphism inside the isobaric core, i.e., the rocks would melt or vaporize; (2) For H and (3) for L type ordinary chondrites the minimum impact velocity onto asteroids is <0.4 km/s and the average impact velocity is ~5.8 km/s. The values for the minimum impact velocity means that for the L and H chondritic meteorites it is theoretically possible that the pressures in the isobaric core are low enough for shock metamorphism. The values for the average impact velocity on asteroids means that most of the impact events occurred at velocities >4.5 km/s resulting in too high shock pressures inside the isobaric core for rocks to remain solid.
Ringwoodite, the high-pressure polymorph of olivine has so far been found in the Martian meteorites Chassigny (Fritz and Greshake 2009), Elephant Moraine 79001 (Walton 2013) , Dar al Gani 670 (Greshake et al. 2013) and Tissint (Baziotis et al. 2013; Walton et al. 2014) . When comparing these meteorites, they also display substantial differences in shock effects in olivine ranging from undulatory extinction in Chassigny to strong mosaicism in Dar al Gani 670. In Chassigny, ringwoodite is found conjoined with wadsleyite (a high pressure phase of olivine stable at pressures lower than ringwoodite) and the high pressure decomposition products of olivine such as ferropericlase [Mg,Fe(O) ]. Both findings convincingly suggest that in Martian meteorites the high pressure phase assemblages formed during shock pressure decline. Consequently, for this Martian meteorites the high pressure phase assemblages observed cannot be used to deduce the general maximum shock pressure of the rock, as the derived values would be too low.
High pressure phase assemblages in ordinary chondrites are very prominent in L6 chondrites and significantly less abundant in H chondrites (e.g., Binns et al. 1969; Xie et al. 2001) . H chondrites display a range of impact ages older than 3.6 Ga and various impact ages younger than 1.3 Ga (Swindle et al. 2009; Bogard 2011) . Consequently, H chondrites record a variety of impacts (Wittmann et al. 2010) , with a collision velocity distribution that should be typical for the asteroid belt (~5.8 km/s on average; Farinella and Davis 1992) . The striking differences between shock melt veins in H and L chondrites might be explained by an unusually large impact onto the L chondrite parent body.
A large number of L chondrites experienced radiometric age resetting at ~480 Ma ago (Haymann 1967; Bogard 1995; Korochantseva et al. 2007 ). This thermally induced age resetting is apparently related to a major disruption event of the L chondrite parent body at that time which is coincident with a large number of fossil meteorites recovered from mid Ordovician limestones (Schmitz et al. 2001) . Thus, high pressure phases in L6 chondrites may reasonably reflect the conditions during one extraordinary impact event (Chen et al. 1996; Xie et al. 2006) , with conditions which cannot be constrained by statistical arguments based on the average impact velocity in the asteroid belt. Notably, Xie et al. (2006a) investigated the high pressure phases in melt veins of the L6 Tenham meteorite, and concluded that the sample experienced a peak-shock pressure of 25 GPa near the point of impact, which occurred at ~2 km/s. This suggests that the Tenham parent body experienced an impact with a collision velocity of ~2 km/s. Such a scenario of isobaric high pressure phase assemblages being restricted to samples close to the point of a low velocity impact would be theoretically possible.
Comparing the range of shock metamorphism recorded by the L chondrites shocked during this impact event at ~480 Ma ago may aid in constraining the impact conditions. Nevertheless, low velocity impacts that instead of melting or vaporization, allow for shock metamorphism inside an isobaric core are rather the exception than the norm. Therefore, a general shock classification of extraterrestrial rocks cannot rely on high pressure phase assemblages in or near shock melt pockets and veins. The presence of ringwoodite in many Martian meteorites, together with a minimum impact velocity on Mars of 5.3 km/s, demonstrates that high pressure phase assemblages can quickly form in local hot spots during shock pressure decline.
Suggested modifications for the shock pressure classification scheme
The current practice of using the localized occurrence of ringwoodite and other mafic high pressure phases as diagnostic for the S6 shock classification of chondrites results in an overestimation of the shock pressure and temperature conditions in the whole rock. Adopting such logic for other types of stony meteorites would lead to incorrect results in all types of shocked rocks. Based on the arguments presented in the previous sections, a revised shock pressure classification scheme is proposed (Table 1) . Each type of high pressure phase in or near melt veins and pockets provides a minimum value for the general maximum shock pressure to allow the formation of this phase, and a maximum post shock temperature of the whole rock after decompression to allow the preservation of this phase. High pressure phases that are unstable at pressures of zero GPa and elevated temperatures are absent in very highly shocked rocks (S6). S6 rocks are characterized by brown stained olivine and shock melted plagioclase in the whole rock.
Localized recrystallization of olivine proposed as the prime criteria for S6 rocks (Stöffler et al. 1991) can occur in very strongly shocked rocks with high whole rock temperatures.
Nevertheless, thermal phenomena restricted to small regions, in or attached to localized melt zones, such as the recrystallization of olivine, are not a relevant criteria for determining the shock pressure and temperature conditions of the whole rock. Notably, the formation of melt veins can occur by different processes and, thus, does not present direct evidence for a shock.
Bleaching of brown stained olivine around local melt zones can be used as a criteria for S6 if shock staining of olivine occurs throughout the whole meteorite.
In strongly (S5) to very strongly (S6) shocked rocks, (Table 1 ) some shock metamorphic effects are altered or fully replaced by thermal overprinting due to high post-shock temperatures and long cooling times. For rocks shocked to high pressures in the S5 to S6 range, the shock induced temperature increase strongly depends not only on porosity but also on the mineralogical composition of the rock (see section 2.1). In addition, the effects of temperature on the petrography of the rock is strongly time dependent. High temperatures of 600°C may not result in annealing of shock metamorphic effects of ejected decimetre scale rock fragments that cool in less than one hour. However, the same temperature may change the petrography of rocks that remain at elevated temperatures for years to hundreds of years buried in the crater basement (Rubin 2004) . Clearly, the intensity of the thermal overprint on the shock effects strongly depends on several factors, including rock mineral composition and time, which are not a measure for the degree of shock pressure.
Consequently, for the purpose of shock classification, the diagnostic criteria should be restricted to shock effects sensu stricto: The shock effects observed in minerals outside the melt veins/pockets should be representative for the main mass of the rock as they are used to describe the shock conditions in the whole meteorite. The diagnostic criteria for S6 include olivine with strong mosaicism, in part smoothed by recrystallization and shock induced brown staining, a feature which is not affected by mild annealing. The shock induced brown staining of olivine can subsequently be bleached by intense thermal metamorphism near local zones of hot shock melt. Melting of plagioclase is indicated by flow structures, vesiculation, and/or eutectic melting at the contact of plagioclase to pyroxene. Destructive shock effects in other minerals diagnostic for shock pressures in excess of 45-60 GPa can be added to the list of diagnostic shock features. A likely example for an S6 achondrite using these criteria is the Martian meteorite Allan Hills 77005 displaying an intense shock metamorphic overprint of the rock forming minerals. including brown staining of olivine, vesiculated plagioclase glass that partly recrystallized at post shock temperatures of ~1000°C, and localized recrystallization and bleaching of the brown stained olivine (Fritz et al. 2005b) . Despite a thorough search no high pressure phases were identified in this meteorite (El Goresy et al. 2013 ).
Using the destructive shock effects for a general classification appears essential because the destructive shock effects: 1) are the physical manifestation of the pressure-volume work achieved by the shock wave upon the target material, and as a result, are physically related to the shock induced temperature increase.
2) can be observed by optical microscopy, allowing for shock classification of thin sections in a reasonable amount of time.
3) allow the classification of weakly to very strongly shocked rocks. Both the weakly and the very strongly shocked rocks are, for different reasons, characterized by the absence of high pressure phases. 4) can form on time scales of less than microseconds when each part of the mineral grain can record its maximum pressure. The general maximum shock pressure in the whole rock is recorded by the average degree of shock deformations displayed by the major rock forming minerals constituting the main mass of the meteorite. 5) quickly record the highest shock pressures, whereas the high pressure phases need some time to form and thus, mostly reflect the conditions during the decline of the shock pressure.
Summary
This work provides an overview on the physics of impact cratering and the mineralogy of shock metamorphism. The aim is to address the controversies in the shock thermo-barometry and shock classification of meteorites (Stöffler et al. 1991; Chen et al. 1996; Sharp and DeCarli 2006) .
Meteorites record shock metamorphic effects due to shock pulses with durations ranging between nanoseconds and seconds. This includes localized and therefore short (<µs) pressure spikes, which may lead to the localized formation of shock melt. Shock pressure equilibration between the different minerals within a cubic meter rock occurs within milliseconds. This general maximum shock pressure (sometimes called the equilibration shock pressure) is recorded by the destructive shock effects in those rock forming minerals that constitute the main mass of the rock. Shock melt veins are small local "hot-spots" and some have a specific size that allows for rapid cooling by thermal conduction in very short time scales similar to the duration of the shock. These local melt zones can host high pressure phase assemblages that formed at elevated shock pressure, i.e., the constructive shock metamorphic effects.
Here it is emphasized the relation between impact velocity, shock pressures in the isobaric core, and the evolution of the shape of the shock wave as it propagates away from the point of impact. This means that, in most cases, a shock metamorphic rock did not experience a shock wave with a broad pressure plateau of millisecond duration. Instead it experienced a shock wave with continuously declining in pressure due to overtaking by the release wave. This is of fundamental relevance to understand that the destructive shock effects observed in the rock forming minerals are indicative of higher pressures than those deduced from the high pressure phase assemblages in melt zones of meteorites.
So far most researchers assume that the difference between these two barometers, i.e., the constructive shock effects, in meteorites means that one of them does not provide reliable results. This is the logical outcome when considering cooling times of melt veins jointly with the assumption that the shock wave has a broad pressure plateau; i.e., the melt veins of appropriate size have to be quenched during isobaric conditions.
Here it is argued that in most cases the shock wave does not have a broad pressure plateau (<ms). As a result, the melt veins did not quench during isobaric pressure conditions. Thus, the two mineral shock barometers, 1) the destructive shock effects calibrated by microseconds shock experiments, and 2) the high pressure phase assemblages as calibrated by static experiments, both provide reliable results. In all types of meteorites these two barometers record different pressures at different times. Therefore, they bear information on the changes of the shock pressure in the whole rock with time, and the temperature that equilibrates between the hot melt vein and the cooler host rock. The shock metamorphic record can be used to infer on the shape of the shock wave and the impact conditions on the parent body.
The established shock classification scheme for meteorites needs to be updated. This is because the S6 classification explicitly relies on localized effect restricted to regions in or near melt zones, and not on the properties of the whole rock. The localized recrystallization of olivine depends on the amount of heat in the melt zone and not on the pressure and temperature conditions in the whole rock.
Most importantly, the established classification schemes for ordinary, enstatite, and carbonatious chondrites (Stöffler et al. 1991; Scott et al. 1992; Rubin et al. 1997 ) are understood such that mafic high pressure phases are diagnostic for very highly shocked rocks (S6). These shock classification does not consider that many mafic high pressure phases, such as ringwoodite or bridgmanite, are unstable at elevated temperatures and pressures of zero GPa.
This means these phases cannot survive the high temperatures in very strongly shocked rocks after decompression. The current usage of the shock classification scheme results in significantly overestimated shock pressure and temperature conditions for all meteorites hosting mafic high pressure phase assemblages. Because high pressure phase assemblages have now been identified in a variety of different meteorite types, this reasoning is of relevance not only for chondritic meteorites, but also for other achondritic silicate rocks.
Conclusion
It is here proposed an update for the S6 classification that purely relies on the destructive shock effects in the rock forming minerals as a measure for the shock pressures affecting the whole rock. Brown staining of olivine and shock melting of plagioclase are characteristic properties of these very highly shocked rocks (S6).
Most, to all, rocks currently classified as S6 are likely to have an incorrect shock classification. This is because neither of the criteria, the localized recrystallization of olivine and the presence of ringwoodite provide a reliable measure for very high shock pressures.
The destructive shock effects in the rock forming minerals record the general maximum shock pressure in the whole rock. The constructive shock deformation effects in and near local hot spots allows investigation on the duration of the shock and the shape of the shock wave.
The combination of destructive and constructive shock metamorphic effects allows to reconstruct the shock pressure-temperature-time conditions in shocked meteorites. This has implications for the size and velocity of the impacting bolide and the location of the rock during the impact process. Shock metamorphic research thus opens a window to impact processes and the collisional history of the planetary system revolving around Sun. (Langenhorst et al. 2002; Fritz et al. 2011) , shock pulses in rocks during natural impact events and cooling times of millimetre to hundreds of meter sized rock units (Chen et al. 1996; Beck et al. 2005; Fritz et al. 2005; Xie et al. 2006; Fritz and Greshake 2009 The liquidus, solidus and stability field of ringwoodite, a high pressure phase of olivine, is displayed as a simplified version of a phase diagram for the composition of the carbonaceous chondrite Allende (Agee et al. 1995) . During shock compression a local temperature excursion in the host rock is required to reach the stability field of ringwoodite. (Stöffler, 1982 ) and a gabbro (Trunin et al. 2001) . The post shock temperature increase is calculated using the linear relation of shock wave and particle velocity across specific shock pressure intervals as described by Artemieva and Ivanov (2004) and Fritz et al. (2005b) . Anorthosite = a felsic igneous rock composed mainly of plagioclase; Gabbro = a mafic plutonic rock composed mostly of plagioclase and pyroxene and sometimes olivine. Dunite = an ultramafic plutonic rock composed mainly of olivine. The plane of impact is at zero distance. a) Arrows with different directions show the shock waves that move into the target and into the projectile. b) Arrows with different length show the velocity of the release wave that was reflected from the back of the projectile (see text).
The propagating shock wave interacts with the following faster release wave. a-c) In the isobaric core the shock pressure remains high but the width and, thus, the temporal duration of the broad pressure plateau decreases. d-e) After the shock wave lost the broad pressure plateau the pressure starts to decrease by interacting with the release wave. . Experimentally determined shock wave and particle velocity for the Twin Sister dunite as tabulated by Stöffler (1982) . The three branches with a linear increase in shock wave and particle velocity are labelled A, B, and C. They reflect substantial changes in the compressibility of the material at these shock pressures. The linear regression given as Usw = C + S * up and these C and S values for specific shock pressure intervals can be used to calculate the shock induced temperature increase (see Figure 4 ). the size of the melt, it quenches at time scales I) longer, II) equal to or III) shorter than the duration of the shock. This means the melt vein quenches in situation I) after pressure release, in situation II) during pressure release, and in situation III) at isobaric conditions if the host rock is within the isobaric core or during declining shock pressure if the rock is outside the isobaric core. Table 1 . Revision of the shock classification scheme for olivine-rich crystalline rocks including chondrites initially proposed by Stöffler et al. (1991) and Stöffler and Grieve (2007) . The occurrence of high pressure phases requires shock pressures equal to, or higher than, indicated by their stability field, and post shock temperatures in the whole rock that are lower than the threshold temperature for their back reaction a pressures of zero GPa. In practice, the occurrence of high pressure phase assemblages (constructive shock effects) is restricted to "hot spots" of localized shock melt. Localized shock melt and, hence, the constructive shock effects appear in rocks of at least shock stage S3. Back reaction temperatures for ringwoodite are from Ming et al. (1991) and for bridgmanite from Durben and Wolf (1992) . Shock pressures required to transform plagioclase with different chemical composition into maskelynite can be found in Stöffler et al. (1986 ) Schmitt 2000 , Johnson and Hörz 2003 and Fritz et al. (2011b . Note that increasing the shock pressure eventually leads to whole rock melting, but a variety of processes can lead to melting of rocks. Melted rocks are not a unique shock feature and, thus, not part of the shock classification scheme. 
